Background/Aims: The microRNA (miR) 29 family has been studied extensively for its involvement in several diseases, and aberrant expression of its members is associated with tumorigenesis and cancer progression. Here, we examined the role of miR-29a in pancreatic cancer and the involvement of tristetraprolin (TTP). Methods: We monitored miR-29a and TTP expression in pancreatic cancer by qRT-PCR and western blotting. The effect of miR-29a on pancreatic cancer was determined through MTT assay and migration assay. The results were validated in the tumorigenesis model. Results: We found that miR-29a was up regulated in pancreatic tumor tissues and cell lines and positively correlated with metastasis. Ectopic expression of miR-29a increased the expression of pro-inflammatory factors and epithelialmesenchymal transition (EMT) markers, through down regulating TTP. TTP was down regulated in tumor tissues, and its ectopic expression decreased cell viability and migration in vitro, inhibited tumor growth and the EMT phenotype in vivo, and reversed the effect of miR-29a on tumor cell proliferation and invasion in vitro and in vivo. Conclusion: Our results suggest that miR-29a acts as an oncogene by down regulating TTP and provide the basis for further studies exploring the potential of miR-29a and TTP as biomarkers and targets for the treatment of pancreatic cancer.
MicroRNA-29a Promotes Pancreatic Cancer Growth by Inhibiting Tristetraprolin

Introduction
Pancreatic cancer is the fourth leading cause of cancer related death, with an estimated 46,420 new cases and 36,000 deaths expected in 2014 in the United States [1] . Although the incidence and mortality of pancreatic cancer have declined slowly in recent years, it remains one of the most aggressive malignancies, with a 5-year relative survival rate of approximately 5%. Pancreatic cancer cells have a high potential for invasion and metastasis, and approximately 80% of patients have metastatic disease at diagnosis, which may account for the high mortality from this disease [2] [3] [4] . Improving our understanding of the molecular mechanism(s) involved in the aggressive growth characteristics of pancreatic cancer is important for the design of effective therapeutic strategies.
Tristetraprolin (TTP), also named ZFP36, binds to the AU-rich elements (AREs) at the 3' untranslated region (3'UTR) of target mRNAs, leading to their deadenylation and degradation [5] . The role of TTP in destabilizing target mRNAs was first suggested by its interaction with tumor necrosis factor α (TNFα) [6] . TTP has been suggested to function as a tumor suppressor based on its down regulation in many human cancers and its negative correlation with tumor progression in breast and prostate cancers [7] [8] . The interaction of TTP with ARE-containing mRNAs associated with tumor development and progression, such as c-Myc, and cancer-related inflammation such as TNFα, various interleukins, and cyclooxygenase 2 (COX-2), further supports its tumor suppressive role [9] [10] [11] [12] [13] . However, the involvement of TTP in pancreatic cancer remains unknown.
MicroRNAs (miRNAs) constitute an evolutionarily conserved class of small (approximately 22 nucleotides in length) noncoding RNA molecules that negatively regulate gene expression by binding to the 3′UTR of target mRNAs resulting in transcript degradation or translational repression [14] . Deregulation of miRNAs is associated with several diseases including cancer, and tumor-associated miRNAs can function as tumor suppressors or oncogenes depending on their target mRNAs [15, 16] . Many miRNAs including miR-200c, miR-375, miR-10b, miR-181b, miR-196a, and miR-21 have been implicated in pancreatic cancer development [17] [18] [19] . The miR-29a family, which consists of three members (miR29a-c), share a common seed region and therefore target overlapping sets of genes, although its members show different subcellular localization and are differentially regulated [20] . MiR-29a can act both as a tumor suppressor and oncogene, and several targets have been identified and implicated in different malignancies, including chronic lymphocytic leukemia, cholangio-carcinoma and lung cancer [21] [22] [23] . TTP was previously identified as a target of miR-29a, and miR-29a mediated down regulation of TTP is associated with epithelialmesenchymal transition (EMT) and metastasis in breast cancer [24] .
In the present study, we examined the involvement of miR-29a in pancreatic cancer and its potential role as a regulator of TTP expression. We showed that miR-29a promotes tumor progression and invasion by down regulating TTP in vitro and in vivo, suggesting a novel mechanism of tumorigenesis mediated by the suppression of the oncogenic protein TTP and providing potential biomarkers and therapeutic targets in pancreatic cancer.
Materials and Methods
Clinical samples and cell lines
Tumor and adjacent non-tumor tissues were obtained from 30 pancreatic cancer patients treated at Tongren Hospital. And 14 non-metastasis and 16 metastasis samples were included in the current issues.
The human normal pancreatic cell line HPDE6c7 and the pancreatic cancer cell lines Panc-1 and BXPC-3 were obtained from ATCC and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Carlsbad, CA, USA), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/ml streptomycin at 37ºC in a humidified chamber supplemented with 5% CO 2 .
Plasmid construction
Human miR-29a precursor and TTP coding sequences were amplified from human cDNA by PCR with KOD-plus DNA polymerase (TOYOBO, Osaka, Japan). The cycling conditions were 2-step cycle, which was as follows: pre-denaturation: 94°C, 2 min; denaturation: 94°C, 15 sec; extension: 68°C, 1 min/kb; with denaturation and extension steps to be 32 cycles. Primer sequences for PCR amplification were as follows (5′-3′): miR-29a-forward: AAA GGA TCC GCC ATA GAA ACC CAG TTTC, miR-29a-reverse: AAA ACG CGT CCA AGG GAT GAA TGT AATTG; TTP-forward: AAA GGA TCC ATG GCC AAC CGT TAC ACC ATG GATC; TTP-reverse:
AAA ACG CGT TCG CTC AGA AAC AGA GAT GCG ATTGA. The amplified sequences were inserted between BamHI-MluI restriction sites in the lentivirus pCDH vector. Virus production in 293T cells was achieved by cotransfecting cells with the lentiviral vector pCDH and packaging plasmid. The supernatant was collected at 48 h post-transfection and used to generate stably transfected cell lines.
miRNA oligonucleotides and cell transfection
The synthetic human miR-29a mimics used in these studies were as follows: hsa-miR-29a mimics: 5′-UAGCACCAUCUGAAAUCGGUUA-3′. The antisense oligonucleotides used in these studies were the miR29a inhibitor: 5′-UAA CCG AUU UCA GAU GGU GCUA-3′. These oligonucleotides were transfected into cells using Lipofectamine RNAiMAX kit (Invitrogen, Carlsbad, CA, USA) at 50% confluence, following the manufacturer's instructions.
Dual-luciferase reporter assays
The TTP 3′UTR containing the predicted binding site for miR-29a was amplified using primers 5′-CAA AGT GAC TGC CCG GTC AGATC-3′ and 5′-CCA GCT TAC ACT CAG ATT GTT TATTT-3′. A fragment of the TTP 3′UTR (1750 bps) and the mutated 3′UTR were inserted into the psiCHECK2 vector. For mutated 3′UTR, the miR-29a putative seed binding site (TGGTGCT) was mutated to the sequence TGACATC by site-directed mutagenesis. The psiCHECK-2 vector containing wild-type (wt) or mutated TTP was transfected into cells with or without the synthetic miR-29a mimic. Thirty-six hours after transfection, luciferase activity was detected using a dual-luciferase reporter assay system and normalized to Renilla activity.
RNA extraction and qRT-PCR
Total RNA was extracted using the TRIzol reagent (life technology) and miRNA expression was analyzed using the TaqMan MicroRNA Assay (Ambion, Austin, TX) to detect mature miRNAs. Experiments were performed using an Applied Biosystems 7900 Real-Time PCR System (ABI, Foster City, CA). To detect the expression of TTP, two-step SYBR Green II qRT-PCR was performed, with GAPDH as endogenous control. Production of complementary DNA with oligo(dT) primers was performed according to the protocol supplied with the PrimerScript RT Reagent (TaKaRa, Tokyo, Japan). The PCR primers for qRT-PCR assay were as follows (5′-3′):
TTP-forward, GACTGAGCTATGTCGGACCTT, TTP-reverse, GAGTTCCGTCTTGTATTTGGGG; TNFα-forward, CCTCTCTCTAATCAGCCCTCTG, TNFα-reverse, GAGGACCTGGGAGTAGATGAG; COX-2-forward, CCTTCCTCCTGTGCCTGATG, COX-2-reverse, ACAATCTCATTTGAATCAGGAAGCT; IL-6-forward, ACTCACCTCTTCAGAACGAATTG, IL-6-reverse, CCATCTTTGGAAGGTTCAGGTTG; IL-8-forward, TTTTGCCAAGGAGTGCTAAAGA, IL-8-reverse, AACCCTCTGCACCCAGTTTTC; GAPDH-forward, GGAGCGAGATCCCTCCAAAAT, GAPDH-reverse, GGCTGTTGTCATACTTCTCATGG. All experiments were performed three times in triplicate.
Western blotting
Pancreatic cancer cells were lysed with lysis buffer (1% SDS, 50 mM Tris-HCl (pH 6.8), 10 mM dithiothreitol, 10% glycerol, 0.002% bromophenol blue, supplemented with a protease inhibitor mixture (Roche, Basel, Switzerland). After quantification, equal amounts of protein were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA), immunoblotted with primary antibodies, and visualized with horseradish-peroxidase-coupled secondary antibodies. Primary antibodies were as follows: anti-TTP (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-E-cadherin, -N-cadherin, and -vimentin (BD Biosciences, San Diego, CA, USA); and anti-GAPDH (Cell Signaling Technology, Danvers, MA, USA). 
MTT assay
Cell proliferation was examined with the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. After 6 h of transfection, cells were seeded into 96-well microtiter plates. After seeding for 1, 2, 3 and 4 d, 20 μL of MTT solution was added into each well. The optical density (OD) values were measured at 490 nm using the scan reader (Labsystems, Santa Fe, NM, USA). Each assay was performed three times and the average was calculated.
Migration assay
Transwell chambers (24-well insert; Corning, NY, USA) were used to for cell migration assays. After transfection, cells were suspended in medium without serum and added to the upper chambers. After migration for 12 h, cells on the upper membrane surface were removed. The lower membrane surface was fixed with 4% formaldehyde, stained with Hoechst and counted under a fluorescence microscope. And 5-6 random fields were collected for quantification.
Tumorigenesis in nude mice
The supernatants of pCDH lentiviruses harboring miR-29a or TTP were produced and collected as described above. Pancreatic cancer cells were subjected to infection of indicated lentiviruses respectively for 24 h, with the lentivirus from pCDH empty vector as the control. As pCDH vector harbored puromycin resistance gene, stable expression cell line was obtained by puromycin screening. Pancreatic cancer cells (1 × 10 6 ) stably expressing miR-29a or TTP by lentivirus were collected and inoculated subcutaneously into the right flank region of 4-week-old male BALB/c nude mice (Institute of Zoology, Chinese Academy of Sciences, Shanghai, China). Tumor nodules were measured weekly with a caliper. Mice were sacrificed at the end of one month and tumor growth rate and rate of inhibition were calculated. Three independent experiments were performed for each experimental group.
Statistics
Statistical analysis was performed using SPSS15.0. Values were expressed as mean ± standard deviation (s.d.) for parametric data. Differences between groups were calculated using the Student's t-test and non-parametric test (Mann-Whitney U-test). A p value of < 0.05 was defined as statistically significant.
Results
miR-29a is up regulated in pancreatic cancer tissues and cell lines and associated with metastasis
The expression of miR-29a was measured in 30 paired tumor and adjacent non-tumor tissues from patients with pancreatic cancer using qRT-PCR. MiR-29a was significantly up regulated in pancreatic cancer tissues compared with adjacent tumor tissues (Fig. 1A) and significantly higher in patients with metastatic than in those with non-metastatic disease (p < 0.05, both; Fig. 1B) . Assessment of miR-29a expression in cultured cells by qRT-PCR showed that miR-29a was significantly up regulated in the pancreatic cancer cell lines Panc-1 and BxPC-3 compared to the normal pancreatic ductal epithelial cell line HPDE6c7 (p < 0.05, Fig. 1C) .
Effect of miR-29a levels on the proliferation and migratory ability of pancreatic cancer cells
To examine the effect of miR-29a expression on cell viability, pancreatic cancer cells were transfected with miR-control, miR-29a mimics or anti-miR-29a, and cells were analyzed using the MTT and Transwell migration assays. Ectopic expression of miR-29a in the Panc-1 and BxPC-3 cell lines significantly increased cell viability in a time-dependent manner ( Fig.  2A) and increased migratory ability (Fig. 2B ) compared to miR-control transfected cells (p < 0.05 all). Conversely, inhibition of miR-29a significantly decreased the viability and migratory ability of Panc-1 and BxPC-3 cells compared to miR-control transfected cells (Fig. 2C and D) .
MiR-29a induces EMT and the expression of pro-inflammatory factors by targeting TTP
Because miR-29a overexpression plays a role in EMT and metastasis through the down regulation of TTP in breast cancer [24] , we examined the effect of miR-29a overexpression on EMT and the expression of pro-inflammatory factors in pancreatic cancer cells. To confirm TTP as a direct target of miR-29a, the wild-type or a mutant 3′UTR of TTP was transfected into Panc-1 and BxPC-3 cells in the presence or absence of miR-29a mimics. Measurement of luciferase activity showed that ectopic expression of miR-29a significantly decreased the transcriptional activity of the wild-type but not that of the mutant TTP 3′UTR in both cell lines (Fig. 3A) , confirming that TTP is a direct target of miR-29a. Western blot analysis showed that ectopic expression of miR-29a down regulated TTP and the expression of the epithelial marker E-cadherin and up regulated the mesenchymal markers N-cadherin and vimentin, whereas miR-29a inhibition had the opposite effects (Fig. 3B) , indicating that miR-29a plays a role in EMT in pancreatic cancer. Ectopic expression of miR-29a significantly promoted the expression of the pro-inflammatory factors TNFα, COX-2, interleukin (IL)-6 and IL-8 in Panc-1 and BxPC-3 cells (Fig. 3C ). Taken together with the known anti-inflammatory role of TTP [5] and our luciferase assay results, these findings indicate that the pro-inflammatory effect of miR-29a is mediated by the down regulation of TTP in pancreatic cancer cells. 
The effect of miR-29a on pancreatic cancer cell viability and invasion is mediated by the down regulation of TTP
To further examine the involvement of TTP in the effect of miR-29a in pancreatic cancer, TTP expression was measured in patient samples by qRT-PCR, which showed that TTP was significantly down regulated in tumor tissues compared to adjacent non-tumor tissues (Fig. 4A ) and in metastatic compared to non-metastatic disease (Fig. 4B) (p < 0.05 both) . Figure 4C is a plot of the relative expression of TTP and miR-29a, which shows an inverse correlation between TTP and miR-29a expression in pancreatic tumors. Importantly, ectopic expression of TTP decreased the viability and migratory ability of Panc-1 and BXPC-3 cells in a time dependent manner and reversed the miR-29a induced increase of cell viability and migration, restoring values to control levels ( Fig. 4D and E) . Overexpression of TTP up regulated the epithelial marker E-cadherin and down regulated the mesenchymal markers N-cadherin and vimentin, and reversed the miR-29a mediated induction of EMT in Panc-1 and BXPC-3 cells (Fig. 4F) . Taken together, these results indicated that the effect of miR-29a on cell viability, invasion and EMT is mediated by the down regulation of its target TTP in pancreatic cancer cells.
MiR-29a promotes pancreatic xenograft tumor growth and invasion by down regulating TTP
To examine the effect of miR-29a in vivo, a xenograft model was generated by inoculating nude mice with pancreatic cancer cells stably expressing miR-29a or TTP by lentivirus. The stable cells were produced by lentivirus infection, with puromycin screening to generate stable cell lines. Tumor volume was measured weekly and the results are plotted in Fig. 5B , which shows that miR-29a overexpressing tumors grew significantly faster than control tumors, whereas TTP overexpression significantly inhibited tumor growth. Tumors coexpressing miR-29a and TTP showed similar growth than control tumors, indicating that TTP overexpression rescued the effect of miR-29a. Fig. 5A shows representative images of tumors collected on day 28, which shows that miR-29a overexpression promoted tumor growth and TTP restored normal growth, reversing the effect of miR-29a. Western blot assessment of EMT markers in lysates prepared from xenograft tumors showed that TTP and E-cadherin were down regulated and N-cadherin and vimentin were up regulated in miR-29a overexpressing tumors (Fig. 5C ). TTP overexpressing tumors showed the inverse correlation between epithelial and mesenchymal markers, indicating the suppression of EMT. TTP reversed the effect of miR-29a on promoting EMT, indicating that miR-29a induced EMT in pancreatic cancer xenograft tumors by down regulating TTP.
Discussion
Although the prevalence of pancreatic cancer is relatively low, the mortality from this disease is extremely high, and the majority of patients are diagnosed at advanced/metastatic stages of the disease, underscoring the need to identify diagnostic and prognostic markers to improve the management of patients with this disease. MiRNAs regulate many cellular processes, and because of their association with tumor development and progression, they have been studied extensively as biomarkers in cancer [25] . In pancreatic cancer, several up regulated or down regulated miRNAs have been identified, suggesting that miRNA expression profiles can discriminate normal from cancerous pancreatic tissues [19] . In the present study, we examined the role of miR-29a in pancreatic cancer. We showed that miR29a is up regulated in pancreatic cancer tissues and cell lines and associated with metastasis, and its overexpression promoted tumor cell proliferation and invasion in vitro and in vivo, suggesting that it plays an oncogenic role. The miR-29 family was widely expressed and previously linked to pancreatic cancer [26, 27] . In a miRNA array comparing pancreatic cancer samples to a normal pancreatic tissue set, miR-29c was down regulated by more than five-fold in pancreatic cancer samples [27] . MiR-29a was shown to play a role in the response of pancreatic cancer cells to treatment by inducing resistance to gemcitabine via activation of the Wnt/β-catenin pathway in pancreatic cancer cell lines [28] . MiR-29a activates Wnt signaling, which plays an important role in pancreatic cancer, by downregulating the negative regulators Dikkopf-1, Kremen 2 and secreted frizzled related protein 2 in human osteoblasts [29] . MiR-29a has been shown to act both as an oncogene and a tumor suppressor miRNA. MiR-29a promotes apoptosis and represses hepatocellular carcinoma tumorigenicity [30] . In cervical squamous cell carcinoma, miR-29a acts as a tumor suppressor and inhibits migration and invasion by targeting heat shock protein 47 [31] . However, in acute myeloid leukemia, miR-29a is overexpressed and plays an oncogenic role by accelerating G1 to S/ G2 cell cycle progression, whereas down regulation of miR-29 plays a role in mantle cell lymphoma through its effect on CDK6 expression [32, 33] . These studies demonstrate that the function of miR-29 in cancer may be context dependent and reveal the role of the miR-29 family in pancreatic cancer, as indicated by the results of the present study.
Based on a previous study that identified TTP mRNA as a target of miR-29a in breast cancer and extensive research linking TTP suppression to the exacerbation of tumorigenic phenotypes, we examined the association between miR-29a and TTP in pancreatic cancer. Our findings verified TTP as a target of miR-29a and showed that miR-29a down regulates TTP in association with the induction of EMT and the up regulation of pro-inflammatory factors, whereas ectopic expression of TTP rescued the effect of miR-29a in vitro and in a xenograft mouse model in vivo, confirming that miR-29a acts as an oncomir via its target TTP in pancreatic cancer. Although the effects of TTP down regulation on cancer development and progression have been documented extensively, the mechanisms regulating TTP expression and how its loss enhances tumorigenesis remain unclear. TTP activity is regulated by phosphorylation through the p38 MAPK and ERK MAPK pathways, and in melanoma cells, ERK suppresses TTP levels by targeting the protein for proteasomal degradation [34, 35] ; however, few mechanisms of TTP down regulation have been reported to date. Sohn et al.
showed an epigenetic mechanism of TTP regulation via methylation of a CpG site in the TTP promoter [36] , and TTP was shown to be down regulated by miR-29a in breast cancer [24, 27] . Given the known role of TTP in inflammation and cancer, our in vitro and in vivo findings showing the modulation of its expression by miR-29a in association with pancreatic cancer cell proliferation and invasion are of particular importance. Future experiments should be aimed at exploring the effect of miR-29a on other cancer-related TTP targets in pancreatic
